In this paper, stimulated Raman scattering (SRS) signals have been recorded by an optical imaging technique that is based on spatial modulation. A frequency doubled Q-switched Nd:YAG laser (532 nm) was used to pump a polymethyl methacrylate (PMMA) target. The frequency tripled (355 nm) beam from the same laser was used to pump an optical parametric oscillator (OPO). The Stokes beam (from the OPO) was tuned to 631.27 nm so that the frequency difference between the pump and the Stokes beams fit the Raman active vibrational mode of the PMMA molecule (2956 cm −1 ). The pump beam has been spatially modulated with fringes produced in a Michelson interferometer. The pump and the Stokes beams were overlapped on the target resulting in a gain of the Stokes beam of roughly 2.5% and a corresponding loss of the pump beam through the SRS process. To demodulate the SRS signal, two images of the Stokes beam without and with the pump beam fringes present were recorded. The difference between these two images was calculated and Fourier transformed. Then, the gain of the Stokes beam was separated from the background in the Fourier domain. The results show that spatial modulation of the pump beam is a promising method to separate the weak SRS signal from the background.
INTRODUCTION
Light interacting with matter will in general be scattered both elastically (no energy exchange between the photon and the atom or molecule) and inelastically (energy exchange between the photon and the atom or molecule). Inelastic scattering of photons is a process that intrinsically depends on the quantum state of the interacting atoms or molecules. Many techniques have been developed that utilize inelastically scattered light to study specific species. Raman scattering is a versatile inelastic scattering process for specific species detection. Raman scattering is associated with an energy exchange between a photon and a motion mode (i.e., vibration) of a molecule. The molecule can either receive energy (Stokes scattering) or give away energy (anti-Stokes scattering), with Stokes scattering being more probable at thermodynamic equilibrium. Specific molecules have specific Raman frequencies, which serve as a fingerprint for the molecules. Imaging methods based on spontaneous Raman scattering have been in existence for many years [1, 2] . However, the spontaneous Raman scattering signal is extremely weak and this results in limited imaging speed. The weak Raman signal can be strongly enhanced by using nonlinear coherent excitation. Two coherent Raman scattering (CRS) techniques named coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS) have been developed. The CARS signal is stronger than the spontaneous Raman signal and imaging speeds up to video rate have been demonstrated [3, 4] . The CARS signal, however, suffers from a strong nonresonant electronic background that limits its sensitivity. Unlike CARS, the SRS signal is free from the nonresonant background. In SRS, two laser beams referred to as the pump beam and Stokes beam, respectively, coincide on the sample. When the energy difference between the pump and Stokes beams matches the molecular vibrational frequency of the sample molecule, a nonlinear interaction occurs that is accompanied by an energy transfer from the pump beam to the Stokes beam. The intensity of the pump beam experiences a loss called stimulated Raman loss (SRL), and the intensity of the Stokes beam experiences a gain called stimulated Raman gain (SRG) . When the energy difference between the pump and Stokes beams does not match any vibrational resonance of the sample molecule, there is no energy transfer between the pump beam and the Stokes beam. Therefore, SRS is free from the nonresonant background and linearly dependent on the molecule concentration. Stimulated Raman scattering microscopy has been used as a label-free imaging technique in many biological and biomedical areas [5] [6] [7] .
However, the SRS signal-to-noise ratio is very small and the signal can be buried in the laser noise [8, 9] . One way to solve this is to modulate the SRS signal temporally and detect the modulation using a lock-in technique. In previous studies of SRS intensity [6, 8, 10] , frequency [11] and spectrum [12] modulations have been used to detect the signal. In this study, the SRS signal has been recorded by the use of an optical imaging technique that is based on spatial modulation. The spatial modulation can be performed on either of the beams (the pump beam or the Stokes beam), and then, one can detect the effect of this modulation on the other beam caused by SRS. In this study, for practical reasons, the pump beam has been spatially modulated. The spatial modulation was produced by a Michelson interferometer and this yielded parallel fringes. Two images of the Stokes beam without and with the pump beam fringes present were recorded. The difference between these two images was calculated and Fourier transformed. Then, the gain of the Stokes beam (the SRS signal) was separated from the background in the Fourier domain. The experimental setup and procedure are described in Section 2. In Section 3, the theory explaining the procedure to separate the fringemodulated SRS signal from the background is introduced. Finally the results and discussion are presented in Section 4.
EXPERIMENTAL SETUP AND PROCEDURE
The SRS signal has been measured by the use of an optical imaging technique. An injection-seeded Q-switched Nd:YAG laser system (Continuum PL 8000) was used as the source for both the pump and Stokes beams. The laser system operates at 10 Hz, and the pulse duration is 6 ns. The frequency tripled (355 nm) beam from the laser was used to pump an optical parametric oscillator (OPO) (Continuum Sunlite EX OPO) with a tuning range from 445 to 1750 nm. The frequency doubled (532 nm) beam from the same laser was used to pump a polymethyl methacrylate (PMMA) target. The wavelength shifted beam from the OPO was used as the Stokes beam. The frequency difference between the two beams (the pump and Stokes beams) fit the Raman active vibrational mode of the PMMA molecule (nominally 2956 cm −1 ). The PMMA target was a cylinder with a diameter of 4.0 cm and a length of 20.0 cm. The following two specific experimental setups have been used: the first setup was used to optimize the experimental parameters and the second was used to record the SRS signal. Figure 1 shows the setup to optimize the experimental parameters. In this setup, two heads of a computer controlled energy monitor (Ophir PE10 and PE25) have been used to monitor the pulse energies, both before and after the target, respectively. Head 1 was used to measure the Stokes beam energy before the PMMA target, and head 2 was used to measure the Stokes beam energy after the target. Hence, a ratio (R i ) of the Stokes beam energy after and before the target can be calculated to compensate for the change of the Stokes beam energy from shot to shot caused by the instability of the laser. R 1 refers to a ratio without the pump beam present and R 2 to a ratio with the pump beam present. The gain of the Stokes beam (SRG) was then calculated as R 2 − R 1 ∕R 1 . Two interference filters, namely, F 1 and F 2 (FL 632.8 nm, FWHM 10 nm), have been positioned in front of head 1 and head 2, respectively, to ensure that only the energy of the Stokes beam will be recorded. Each recording represents an average of 1000 pulses. The pump beam energy at the target was 23 mJ and the Stokes beam energy was 10.5 mJ. The beam diameter for both the pump and Stokes beams was about 4 mm, which resulted in a power density of 30 and 14 MW∕cm 2 for the pump and Stokes beams, respectively. In general, the orientation of the birefringent PMMA target, the polarizations of the two beams, and the wavelength of the Stokes beam need to be optimized for maximum gain. This optimization is detailed in the following subsections.
First, the optimum orientation of the PMMA cylinder in relation to the polarization of the pump beam is considered. To investigate this, the Stokes beam in Fig. 1 was blocked and the polarization of the pump beam (532 nm) was kept vertically polarized. A camera imaging the scattered light from the PMMA was placed perpendicularly to the direction of the pump beam and images were acquired during multiple pulses. A typical result for a random orientation of the PMMA target can be seen in Fig. 2 . Figure 2(a) shows the scattering pattern that appears from the scattered pump beam, and Fig. 2(b) shows the scattering pattern from the red and yellow wavelengths that were generated by spontaneous Raman scattering. The Raman shifted wavelengths were acquired by putting a notch filter in front of the camera blocking the green pump beam. The exposure time of the camera was 15 s, and the laser was run at 10 Hz. As seen in the images, a typical pattern of bright and dark regions appeared. Furthermore, the position of the dark and bright regions changes with the viewing direction, which is typical for Rayleigh scattering. This phenomenon is due to birefringence in the PMMA, which rotates the polarization of the pump beam as it propagates through the target [13] . The dark regions in Fig. 2 therefore correspond to positions where the local polarization of the beam is along the viewing direction. To optimize the setup, the target was rotated until a continuous beam was imaged by the camera. At this orientation, the polarization of the pump beam was along one of the principal axes of the PMMA and the polarization will remain stationary throughout the target.
As a demonstration of the effect of the polarization of the pump and Stokes beams on the SRS signal generation, the two beams were made to overlap in time and space at the PMMA target as shown in Fig. 1 . Two different configurations were tested, where in both tests the nominally optimum Stokes beam wavelength of 631.27 nm was used. In the first configuration, the polarization of both beams was kept vertical and the orientation of the PMMA target was rotated. At the optimum orientation (one of the principal axes is vertical), a gain of about 4% was recorded. When rotating the target by 90°, a gain of about 4% was again measured as the polarization of the two beams again coincided with one of the principal axes. When rotating the target by 45°, the gain was reduced to about 2.5%. This reduction in the gain is caused by de-coupling of the polarization of the two beams, as the SRS generation takes place when the two beams are equally polarized [14] . Therefore, as the two beams rotate at different speeds through the target, the nominal interaction length of the SRS will decrease and as an effect the gain is reduced. As a second demonstration of the same phenomenon, the polarization of the Stokes beam was kept constant along one of the principal axes of the PMMA and the polarization of the pump beam was rotated. When the polarization of the two beams coincided, a gain of 4.0% was again measured. Conversely, when the polarization of the two beams was set perpendicular, a minimum gain of about 0.8% was recorded. For the intermediate orientation of 45°, the gain was about 2.0%. It is obvious that the polarization of the two beams in relation to each other and to the principal axes of the target is crucial for the generation of SRS, and we retained this optimum configuration for the remaining experiments. Finally, the SRG in the vicinity of the nominal Stokes beam wavelength was measured. Seven measurements with Stokes beam wavelengths ranging between 628 and 635 nm were registered and plotted in Fig. 3 . Each recording represents an average of 1000 individual pulses. The error bars in the figure represent the standard error, which is mainly due to the instability of the laser from shot to shot. Furthermore, a Lorentian line shape was fitted to the data points. The profile shown in Fig. 3 corresponds to a line with maximum gain of 4.0% at the wavelength 631.27 nm and a linewidth of 1.6 nm. We can now conclude that the nominal wavelength shift (631.27 nm) indeed results in maximum gain, and we continued the experiments with this setting.
Once the experimental parameters had been optimized, the experimental setup shown in Fig. 4 was used for detecting the SRS signal with the imaging technique. The pump beam (532 nm) was spatially modulated with fringes produced in a Michelson interferometer, where the fringe density was controlled by rotating mirrors M 5 and M 6 . The pump beam fringes and the Stokes beam were overlapped in time and space at the PMMA cylinder using the optimal settings from the previous sections. A photo of typical pump beam fringes is shown in Fig. 5 , where in Fig. 5(a) , the whole PMMA target is shown, and in Fig. 5(b) , an enlarged part is shown for a better view of the fringes. After the target, the two beams pass through the telescope with a magnification of 3. After the telescope, the pump beam is reflected to a beam dump using the dichroic mirror M 9 , which is 100% reflective for 532 nm at an angle of incidence of 45°. The Stokes beam was recorded using a PCO edge camera, which has a resolution of 2560 pixels × 2160 pixels, a pixel size of 6.5 μm × 6.5 μm, and a dynamic Research Article range of 16 bits. The field of view is 5.5 mm × 4.7 mm. An absorbing filter set F, with total optical density of 6, was used to ensure that no part of the pump beam passes to the camera and to reduce the Stokes beam energy for camera protection.
This experiment was performed and evaluated as follows. Two intensity images of the Stokes beam were required. The first image (I r ) was recorded without the pump beam present, and the second image (I g ) was recorded with the pump beam present. These images may in principle be single-shot images, but in the results that follow, they are the average intensity of 128 pulses each. The difference between these two images was calculated and Fourier transformed. Then, the gain of the Stokes beam was separated from the residual background in the Fourier domain. The final gain image was then obtained from an inverse Fourier transform of the filtered signal. The theory explaining the procedure to separate the fringemodulated SRS signal from the background is introduced in the next section.
THEORY
Consider a general Stokes beam E s A s e iφ s and two plane pump beams E p A p e i2πσ z zσ x x−νt , where A S and A p are the amplitudes of the Stokes beam and pump beam, respectively, ϕ s is the phase of the Stokes beam, the σ's are spatial frequencies, indicates a propagation direction relative to the given z-axis, and ν is the temporal frequency (see Fig. 6 for an illustration).
Under the assumption of SRG, the propagating Stokes wave may be expressed as
where α is the amplitude interaction strength that determines the Raman gain. The parameter α depends in general on the Raman cross section and the number of Raman active molecules the light interacts with during its propagation. The Raman interaction strength α is the carrier of image information in this problem. It will be assumed to be weak, i.e., jαj ≪ 1, so that the small moderations caused by the gain do not change the propagation. Upon detection, we get the irradiance I hjEj 2 i Δt , where Δt indicates the pulse duration and is assumed to be significantly longer than 1∕ν, the oscillation period of the optical wave. Typically, Δt is in the order of nanoseconds. This will generate three types of terms. The first type,
gives the sum of the individual irradiance terms and is an effect from self-interference solely. The second type,
describes the temporal average of two propagating waves that will become zero upon recording, and the third type,
is the standing wave interference term. We may thus express the detected intensity as
If we for a moment assume that I s and I p are constants, Eq. (5) may be rewritten as
where J α is proportional to the intensity interaction strength jαj 2 , and this is the gain signal of interest. In general, J α depends on the local distribution of stimulated molecules and may be assumed to be spatially band limited to within [−B, B]. It should also be noted that the strength of J α depends linearly on the pump beam (I p ) and Stokes beam (I s ) intensities. Taking the spatial Fourier transform of Eq. (6) results in the following expression:
where S is a spatial frequency coordinate. The four lobes in Eq. (7) represent the spatial spectrum of the Stokes beam centered at S 0 and the spatial spectrum of J α centered at S 0 and S 2σ x , respectively. The three lobes associated with the gain signal will be separated provided that σ x > B. In that case, one of the sidelobes, for example, J α S − 2σ x , may be isolated using a rectangular window. The image jJ α j is then restored from the Fourier transform (shifting to the origin is optional), which is the standard technique in single-shot fringe projection [15] . In essence, the technique is the spatial correspondence to lock-in detection using temporal intensity modulation [11] . However, the dominating spectrum in Eq. (7) is I s S, which cannot be assumed to be band limited in general. Frequency components from I s S may therefore leak in to the window of J α S − 2σ x and deteriorate the estimation of jJ α j. To reduce the influence from I s S, a reference image of the Stokes beam without the pump beam fringes (I r ) is required. From the two images I g and I r , a difference image ΔI I g − I r is calculated where the Stokes background is nulled apart from a small error ΔI s that is mainly associated with shot-to-shot instabilities of the laser. The Fourier transform of ΔI then becomes
As ΔI s S is significantly reduced in amplitude as compared to I s S and its components are assumed to originate from shotto-shot instabilities, its spectrum will be dominated by low frequency components. Therefore, if the spectrum of J α S − 2σ x is moved appropriately far away from the origin, jJ α j may be estimated free from the cross talk of the other lobes. In the following work, we will investigate the procedure leading to Eq. (8) to separate the SRS signal from the Stokes beam background.
RESULTS AND DISCUSSION
The different steps for isolating the SRS signal image are visualized in Figs. 7 and 8 for two different fringe densities. In both experiments, the mean power density of the pump beam at the target was 18 MW∕cm 2 and the power density of the Stokes beam was 14 MW∕cm 2 . In the first experiment, the fringe spacing at the target was set to 0.55 mm, and in the second experiment, the fringe spacing was reduced to 0.28 mm. These numbers were measured from the burn pattern acquired at the target and imaged in an optical microscope. The results shown in Fig. 7 are the results from the coarser fringe density, while those in Fig. 8 are the results from the finer fringes. Images of the pump beam fringes with spacings of 0.55 and 0.28 mm are shown in Figs. 7(a) and 8(a) , respectively. These figures show that the fringes were not optimum. The reason for this is that the cross sectional spatial distribution of the pump beam (532 nm) is the residual after producing the frequency tripled 355 nm beam used to pump the OPO, as sketched in Figs. 1 and 4 . As a result, the cross section of the pump beam will vary not only harmonically over the image, but also in relation to position. The small gain generated by the SRS process taking place between the (c) and (d) images is drowned in the overall intensity variation. However, when calculating the difference images (ΔI ), which are shown in Figs. 7(e) and 8(e) , the modulation in terms of fringes appears. Hence, an energy transfer from the pump beam fringes to the Stokes due to SRS takes place. In the cross sections shown in Figs. 7(f ) and 8(f ) , it can be seen that the position and spacing of the difference image fringes roughly coincide with the position and spacing of the pump beam fringes. These cross sections of the fringes were calculated as an average from Y 2.7 mm to Y 3.0 mm in the respective image as a representative part of the image. That modulation fringes so clearly appear in the difference image indicates that the assumption of stable laser conditions is fulfilled to a great extent. Some variation in the recording conditions, however, is present and manifested by a small residual intensity variation apart from the fringes. Comparing the fringes shown in (a) and (e) images, it can be seen that the difference image fringes drop off toward the edges of the beam. The reason for this is that the SRS signal is produced in proportion to I p I s , where I p is the pump beam intensity and I s is the Stokes beam intensity [6] , [see Eqs. (5) and (6) Figs. 7(g) and 8 (g), respectively, which corresponds to a fringe spacing of 0.55 mm and 0.28 mm for the two cases considered, respectively. It is clear that the positions of these lobes correspond to the carrier frequency of the pump beam fringes and that a higher carrier frequency moves the lobes out further away from the central lobe. As discussed in Section 2, the gain signal (J α ) with a spatial band limit within [−B, B] will be separated from the central background peak provided that σ x > B, where 2σ x is the spatial frequency of the pump beam fringes. From Fig. 7(g) , the width of the gain signal (2B) is 1.44 mm −1 and 2σ x is 1.80 mm
hence, significant overlap is present between the lobe representing the gain signal and the central lobe wherefore they cannot be separated unambiguously. Conversely, Fig. 8(g) shows that the carrier frequency is high enough to separate the two lobes. The width of the gain signal (2B) is 1.26 mm
and 2σ x is 3.60 mm −1 σ x > B; additionally, a simple rectangular window may be used to filter out the interesting gain signal. Maximizing the separation between the gain lobe and the central lobe is the key feature to optimize the outputs of the technique. The way to fulfill this condition is to produce a high enough fringe density in the plane of the object. The window
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shown as a red box around one of the gain lobes in Figs. 7(g) and 8(g) is the rectangular window used to filter out the information of interest. The width of this window is 1.44 mm −1 in Fig. 7(g) and 1 .26 mm −1 in Fig. 8(g ), which gives a poor spatial resolution in the gain image compared to the spatial resolution in the original image. As the main purpose of this study is to show that it is possible to separate the SRS signal from the background using the spatial modulation method, the resolution provided here is sufficient. As a final note on the Fourier spectra, estimation of the magnitude of the gain is rather difficult because of the high noise level. However, the gain magnitude will roughly be about 2.5% (I P is 18 MW∕cm 2 ) compared to the gain of 4% measured in the calibration setup of Fig. 1 (I P is 30 MW∕cm 2 ) as the expected gain scales linearly with the pump beam intensity. Although the magnitude of the estimated gain is somewhat unreliable, the It is also clear that areas where no modulation has taken place are dark. Therefore, high contrast SRS images may be constructed from a small modulation provided the signal-to-noise ratio is sufficient.
Finally, higher fringe densities have been investigated. Figures 9 and 10 show the results at fringes spacing of 0.24 and 0.21 mm, respectively. Images of the pump beam fringes Figs. 9(c) and 10(c) , respectively, which corresponds to a fringe spacing of 0.24 and 0.21 mm, respectively. These figures show that at higher fringe densities the gain lobes moved further away from the central lobe but the gain signalto-noise ratio decreased as the fringe densities increased; thus, it was difficult to separate the gain signal from background noise. This effect most likely originates from a small misalignment between the Stokes beam and the pump beam caused by pointing instability of the laser. Such an effect was more pronounced in the case of large fringe density. Therefore, the nominal interaction length of the SRS will decrease, and as an effect, the gain will be reduced. Hence, the spatial modulation technique depends strongly on the optimization of the fringe density in the object plane. The fringe density should be high enough to separate the gain lobes from the center lobe as well as produce a high enough gain signal-to-noise ratio.
CONCLUSION
The SRS signal has been recorded by the use of an optical imaging technique that is based on spatial modulation. Two laser beams (the pump and Stokes beams) were overlapped in time and space in a solid PMMA cylinder resulting in a gain of the Stokes beam through the SRS process of about 4.0% at a pump beam intensity of 30 MW∕cm 2 and a Stokes beam intensity of 14 MW∕cm 2 . The pump beam was spatially modulated with fringes produced in a Michelson interferometer. To demodulate the SRS signal, two images of the Stokes beam without and with the pump beam present were recorded. The difference between these two images was calculated and Fourier transformed. Then, the gain of the Stokes beam was separated from the background in the Fourier domain. In this case, a maximum gain of 2.5% was estimated. The efficient separation of the SRS signal lobe from the background lobe depends strongly on the optimization of the fringe density in the object plane. Overall, the results showed that spatial modulation of the pump beam is a promising method to separate the weak SRS signal from the background. This technique can be applied to pin-point specific species and record their spatial and temporal distribution.
Funding. Bio4Energy.
